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ABSTRACT

This document provides a summary of the status of the Pacific whiting

(Merluccius productus) stock in 1987 and recommendations for management in

1988. The current status of the Pacific whiting stock was evaluated on the

basis of 1986 Northwest and Alaska Fisheries Center (NWAFC) bottom trawl and

hydroacoustic survey data and information on the relative abundance of juve-

niles in 1984-86 California Department of Fish and Game juvenile survey data.
--

The NWAFC survey data revealed several important findings. Analysis of the

age structure of the stock revealed three strong year classes (1977, 1980,

and 1984) are presently supporting the stock. In general, younger fish were

concentrated in the southern International Pacific Fisheries Commission

areas of Eureka and Monterey, whereas older fish were primarily located north

of the Columbia River. In areas where older and younger fish coexisted, the

younger fish were concentrated in the offshore environment (> 55 fathoms

(fm)), whereas the older fish were primarily located in the inshore environment

(< 55 fm). The total biomass of the Pacific whiting stock in 1986 was 2.1

million metric tons (t). Preliminary information from juvenile whiting

surveys indicated that the 1984 and 1986 year classes may be strong.

New estimates of offshore Pacific whiting fishery production were made

using an age-structured simulation model.  A-new management policy was imposed

that constrained the spawner stock- biomass to previously observed levels with

a high probability. Maximum long-term yield was estimated under both constant

effort and variable effort scenarios using deterministic and stochastic

versions of the simulation model. -Estimates of maximum long-,term production

from the Pacific whiting stock ranged from 165,000 to 196,000

of yield were projected for the 1988-90 fishing seasons using the simulation
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INTRODUCTION

Commercially and ecologically, Pacific whiting (Merluccius productus) is

one of the most important marine fish species off the west coast of North

America. Francis and Hollowed (1985) summarize the history and management of

the coastal fishery for whiting as follows. A small domestic fishery for

whiting has existed since at least 1979. A large foreign fishery for whiting

was initiated by the U.S.S.R. in 1966. During the period from 1973 to 1976,

Poland, the Federal Republic of Germany (West Germany), the German Democratic

Republic (East Germany), and Bulgaria joined the fishery.- Joint ventures for

whiting developed in 1978 between foreign nations and the United States and

Canada. In recent years (1980-86), joint venture operations have accounted

for a substantial percentage of the whiting catch in U.S. and Canadian waters

(Table 1). The estimated catches of whiting have ranged from 90,000 to 238,000

metric tons (t) since 1966 (Table 1). Catches peaked in 1976 and were subse-

quently reduced, due primarily to restrictions on foreign effort imposed

after the implementation of the Magnuson Fisheries Conservation and Management

Act (MFCMA) of 1976.

Table 2 compares commercial catch, Acceptable Biological Catch (ABC) and

fishery quotas from 1977 to 1987. Combined U.S and Canadian catches have

been below the recommended levels during the period from 1977 to 1986. The

1987 quota for the United States and Canada combined exceeded the ABC for the

first time. Table 3 gives preliminary U.S. joint venture and foreign allo-

cations of catch for the 1987 fishing season. Nineteen eighty-seven was the

first year that applications for whiting allocations were made by the People's

Republic of China and the -People's Republic of Korea. With the domestication



of the U.S. fisheries in the 'Gulf of Alaska and the Bering Sea, foreign

interest in Pacific whiting can be expected to increase in the next few years.

The fishery for whiting is tied closely to the migratory behavior of the

population. Bailey et al. (1982) provided a detailed description of the life

history of the stocks. Briefly, adult whiting spawn off the coasts of

central, southern, and Baja California during the winter. In the spring adults

migrate northward to summertime feeding grounds off the coasts of northern

California, Oregon, Washington, and Vancouver Island. Larger individuals tend

to make the longest northerly migrations. Large adults may migrate to waters

off the coast of, Canada while juveniles remain off central and northern

California. The. southward migration of adults begins in autumn and may be

triggered by the shift of wind direction in the fall and the appearance of

the Davidson Current.

The work of Bailey (1981) establishes a statistical link between year-

class strength and environmental conditions at the time of spawning. An

attempt to merge this environmental relationship into an age-structured

management model was made by Swartzman et al. (1983)  and Francis et al.

(1984). Francis (1985) simplified this version of the model to evaluate the

status of the whiting stock and to provide estimates of future levels of

Acceptable Biological Catch (ABC) l

In 1987 research on the management and production of offshore whiting at

the Northwest and Alaska Fisheries Center (NWAFC) focused on two areas:

1) estimation of production parameters incorporating data from the 1986

fishery and the 1986 NWAFC triennial trawl/hydroqcoustic survey, and 2)

revision of management policy and procedures used to estimate production of

the stock.
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1986 SURVEY RESULTS

Since 1977, the NWAFC has conducted triennial acoustic/midwater trawl

and bottom trawl surveys of important groundfish resources in the California

to British Columbia region. These surveys were aimed primarily at providing

information on the distribution, abundance, and biology of Pacific whiting,

yellowtail rockfish (Sebastes flavidus), and canary rockfish (2. pinniger),

but data from a wide variety of species are also routinely collected. The

acoustic/midwater trawl survey and the bottom trawl survey are conducted

independently, but concurrently, so results can be combined to more completely

characterize whiting distribution and abundance. The following sections

describe the 1986 surveys and summarize information obtained relative to the

whiting resource.

Bottom Trawl Survey

The 1986 bottom trawl survey design was developed to provide improved

estimates of yellowtail and canary rockfish abundance. Therefore, a 'large

portion of the available samples were allocated to important rockfish grounds

off Washington and Oregon. However, a minimal sampling density of 1 station

per 29 square nautical miles (nmi2) was maintained from 36º48' to 48º30' N

latitude to obtain information on Pacific whiting and other species. Samples

were allocated to two depth strata (55-183 m and 184-366 m) in proportion to

stratum area. Station locations were selected using a stratified/random

procedure. All trawl hauls were 30 minutes in duration and were conducted

during daylight hours with a Nor'eastern trawl equipped with roller gear and

a 3.18-cm liner in the codend. Horizontal and vertical net mouth dimensions

averaged 13 and 7 m, respectively. Sampling was conducted by two chartered

stern trawlers from south to north, commencing in Monterey Bay, California, on
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9 July and terminating off Cape Flattery, Washington, on 30 September. Thus,

only the U.S. portion of the International North Pacific Fisheries Commission

(INPFC) Vancouver area was sampled by bottom trawl. Catches were sampled for

species composition by weight and numbers, length and age composition, sex

ratios, state of maturity, and a variety of other biological data.

Successful trawl hauls were completed at 507 stations. Pacific whiting

was the-most abundant species in the shallow stratum throughout most of the

survey area. Most trawl hauls contained whiting and the catch per unit of

effort (CPUE) was high over much of the survey area. The CPUE is grouped by

three levels of magnitude and presented in Figure 1 on a haul-by-haul basis.

The CPUE was greatest in INPFC statistical areas Monterey and Eureka where it

averaged 107 and 781 kg/km trawled, respectively. A total of 239,153 t was

estimated by the bottom trawl survey with 95% confidence limits of 179,111-

299,195 t (Table 4, Fig. 2). Ninety-five percent of the total whiting biomass

trawl surveys occurred in the 55- to 183-m zone. Juveniles (2- and 3-year-

olds) comprised a larger proportion (51%) of the population in the 184- to

366-m zone than in the 55- to 183-m interval (41%). Forty percent of the

total biomass was found in the Monterey area, 19% in the Eureka area, 34% in

the Columbia area, and 7% in the U.S. portion of the Vancouver area.

Length and age compositions by INPFC area are presented in Figure 3.

The most notable feature of the age compositions was the high variability in

year-class size. The three most abundant year classes in the 1986

population were 1977, 1980, and 1984. These three year classes accounted for

over 90% of the total population numbers,. Intervening year classes were

considered to have been quite weak. Another important aspect of the age

compositions is the latitudinal variation. The 1984 year class was predom-

inant in the Monterey and Eureka areas and accounted for a major portion



(54%) of the population in those areas. Very few 2-year-olds of the 1984

year class were present in the Columbia area and no whiting less than 5 years

old were in the U.S.-Vancouver area. In those northern areas, the population:

was largely comprised of 6- and 9-year-olds of the 1980 and 1977 year classes,

If this latitudinal pattern is consistent, in years when newly recruited year

classes are of moderate or small sizes, a much smaller proportion of the

total biomass tends to be found in the California-southern Oregon region.

The converse may or may not be true, depending on environmental conditions.

Even though a large 1980 year class was present in 1983, a large proportion

of the younger fish were located off Oregon. This could have been related to

northward extension of unusually warm water observed during the 1982-83

El Nino.

The latitudinal stratification by age results in increasing mean length

from south to north. Mean fork length in the Monterey area was 39 cm while

it was 48 cm in the U.S. portion of the Vancouver area. The length dis-

tributions in the southern areas are strongly bimodal. The left mode at

about 34 cm was comprised almost entirely of 2-year-olds, and all of the

other age groups fall into the right mode. The distribution in the U.S.-

Vancouver area is unimodal due to the absence of juvenile fish.

Acoustic/Midwater Trawl Survey

An acoustic/midwater trawl survey sampled the pelagic component of the

Pacific whiting stock in coastal waters (55-366 m) from San Francisco,,

California (37º10'N), to Nootka Sound, Vancouver Island (49°30'N), between 30

June and 31 July 1986 (NWAFC 1986). The principal objective of the survey

was to collect echo integrator and midwater trawl data necessary to determine

the distribution, abundance, and biological composition of the off-bottom

whiting stock.
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The survey was conducted aboard the NOAA ship Miller Freeman, a 66-m

stern trawler equipped for fisheries and oceanographic research. Acoustic

data were collected using a computerized echo integration system installed in

a cargo container mounted to the deck of the vessel. The system included a

38-kHz echo sounder used with a multi-beam transducer. The transducer was

-housed in a deadweight body towed behind the vessel at a depth of 10-15 m.

Echo data were processed using a Hewlett-Packard4/ 1000 computer. Echo sign

was sampled using a 3/4 scale Norsenet rectangular midwater trawl and a

Diamond 1000 midwater trawl.

Survey work began off the coast of California and proceeded northward.

Echo integration data were collected along a zig-zag trackline placed roughly

perpendicular to bottom depth contours with transect endpoint spacing at 15

nmi. Data collection along the trackline was confined to daylight hours

(0600-2100 Pacific daylight time) because of the tendency of whiting schools

to disperse and mix with other species at night. Density estimates were.

computed at 1 -minute intervals for each l-m depth stratum from the transducer

to within 3 m of the bottom. These l-m values were summed over the water

column to provide estimates of surface density (kg/m2) which were in turn

averaged and multiplied by the area1 extent of a whiting aggregation to yield

an estimate of biomass.

Midwater trawl hauls were made at selected locations to identify echo

sign and provide biological samples. Standard catch sorting and biological

sampling procedures were used to provide estimates of total weight and

numbers by species, length composition data for abundant species, and

individual weight measurements and otolith samples for Pacific whiting.

4/ Reference to trade names does not imply edorsement by the National Marine
Fisheries Service,,NOAA.



The survey trackline consisted of 112 transects totalling 2,092 nmi

(Fig. 4). Whiting were encountered along the entire coast with the densest

concentrations just north of San Francisco, California, and off the Strait of

Juan de Fuca, Washington (48°20'N). Point estimates and confidence intervals

of biomass for 13 whiting aggregations are presented in Table 5. The midwater

estimate of total biomass for the west coast whiting stock was 1.89 million t

with a 95% confidence interval between 1.66 million and 2.12 million t. One

of the larger aggregations of fish (aggregation 1) was found in the Monterey

INPFC area and extended from Point Reyes, California (37º45'N), to Punta

Gorda, California (40°05'N). Analysis of data south of aggregation 1 was

inhibited because of dense concentrations of zooplankton in the water column.

Two trawl catches just south (37º25'N) of the Farallon Islands contained

significant quantities of whiting. However, a qualitative assessment of

echograms collected during the bottom trawl survey indicates that few whiting

were present in midwater in the area off Monterey Bay, California (36º 48'N)5/.

Between Eureka, California (40º45'N), and the Columbia River (46º15'N), the

survey encountered two extensive offshore aggregations (aggregations 3 and 5)

and three smaller” inshore aggregations (aggregations 2, 4, and 6). North of

the Columbia River, there were six small aggregations (aggregations 7, 8, 9,

11, 12, and 13) and one dense aggregation (aggregation 10) off the Strait of

Juan de Fuca. The latter concentration accounted for 22% of the total coast-

wide biomass. The proportion of the coastal midwater biomass in Canadian

waters was 15%.

Forty-eight midwater trawl hauls provided the biological data used

to derive age and size-specific estimates of biomass and population abundance.

5/ Mark Wilkins, Northwest and Alaska Fisheries Center, RACE, NOAA Bin C15700,
Bldg. 4, 7600 Sand Point Way NE, Seattle WA 98115. Pers. commun., October
1986.
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An examination of length composition data revealed an adult stock of large

fish (average length = 45 cm) north of the Columbia River (Fig. 5).

South of the Columbia River, juvenile. fish of mean length 34 cm were found in

addition to adults. An examination of the inshore (<101 m) and offshore

(.101 m) trawl catches south of the Columbia River revealed that 1) inshore,

adults outnumbered juveniles approximately two to one, and 2) offshore,

juveniles outnumbered adults approximately five to one (Fig. 6). Juveniles

were also more prominent in bottom trawl samples from the deeper portions of

the survey area. The reason for the habitat separation is unknown/but may

be linked to feeding behavior.

Two year classes dominated the whiting midwater stock in 1986. The 1980

(6-year-olds) and 1984 (2-year-olds) year classes accounted for 79% of the

total coastwide biomass (Fig. 7) and 87% of the total population numbers

(Fig. 8). The exploitable adult stock was dominated by the 1980 year class.

In the Monterey INPFC area, the juvenile 1984 year class accounted for 70% of

the biomass. The relative absence of 3-, 4-, and 5-year-old fish reinforced

the evidence that the 1981, 1982, and 1983 year classes were below average.

With the exception of a single trawl haul in the Monterey INPFC area, no

age-0 or age-l whiting were captured during the survey.

Attempts at assessing the size of a fisheries resource, whether it be

via acoustic/midwater trawl survey or bottom trawl survey, are subject to

both systematic (e.g., target strength, calibration, net catchability) and

nonsystematic (e.g., sampling) errors (Traynor et al., in press). In

acoustic/midwater trawl surveys, one potential source of bias is the fish

target strength value used to scale echo integrator output to estimates of

absolute abundance. The value currently used for whiting, -35 decibels(dB)/kg,

was originally se1ected from a review of the fisheries acoustics literature
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as representing a consensus for "whiting-like" species. In situ dual beam

data collected during the 1980 and 1983 surveys suggest that-33 dB/kg may be

a more appropriate choice. A correction from -35 to -33 dB/kg would result

in a 37% decrease in estimated biomass. However, the paucity of whiting

target strength data combined with the fact that dual beam results have yet

to be corroborated by the split beam system, make us hesitant to change from

the historical value of -35 dB/kg.

Transducer source level is another of the parameters used to scale echo

integrator output. To monitor performance and provide the necessary scaling

factors, the acoustic system is calibrated before and after each survey.

During 1986, the post-cruise system calibration revealed a 1.7 dB drop in

source level from pre-cruise measurements. It was impossible to determine if

this change in source level occurred at some point during or after the survey,

or represents a gradual decline. The pre-cruise value of source level was

used in our calculations because it yielded a more conservative, and in our

opinion, more realistic estimate of biomass. For example, the annual total

mortality estimates for the 1980 year class between 1983 and 1986 using 1986

pre and post cruise abundance estimates were 0.20 and 0.07 respectively. The

value of 0.07 was unreasonably low, whereas the value of 0.20 is much closer

to the average value of total mortality for ages 3-5 (0.26) (see pages 14 and

15). Application of the post-cruise value in analysis would result in a 48%

increase in estimated biomass.

Once the biomass estimate was derived, it was partitioned into the

different year classes using the age and length data collected from midwater

trawl catches. Errors in ageing biological samples directly influence

estimates of year class abundance (Lai and Gunderson 1987). We have evidence

of ageing errors from past whiting surveys, and so this possibility cannot be
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dismissed. Since ageing errors are typically + 1 year, estimates of year-

class strength for cohorts that are adjacent to strong year classes are

especially vulnerable to this bias.

Combined Survey Results

Biological data from the acoustic/midwater trawl and bottom trawl

surveys were similar, but some area differences do exist.‘ Results of the

bottom trawl survey show the presence of large numbers of whiting in the

Eureka area which were 30-38 cm in length, a length group which was not so,

prominent in the acoustic/midwater trawl samples from the area. This might

be explained by the fact that only two midwater trawl hauls were made in the

Eureka area. Perhaps the size composition observed in these two tows was not

representative of the population. Conversely, a considerably higher proportion

of small fish were observed by the acoustic/midwater trawl survey in the

Columbia area than by the bottom trawl survey. Overall, the acoustic/midwater

trawl survey sampled a slightly higher proportion of small fish. than did the

bottom trawl survey. Both sets of data show a total population length distri-

bution which is bimodal with modes at about 34 and 44 cm.

Age compositions derived by the two surveys reflect the area differences

discussed above. The 2- and 6-year-olds of the 1984 and 1980 year classes were

prominent in both data sets. Nine-year-olds of the large 1977 year class were

still notable in the bottom trawl samples, but were less important in the

acoustic/midwater trawl samples. Differences in age and length composition

based on bottom and midwater trawl samples may be due to sampling variability,

gear selection, or vertical statification of the population, but the relative

importance of these factors is unknown.

The biomass estimates derived from the 1986 bottom trawl and acoustic/

midwater surveys were combined and compared with estimates for 1977, 1980, and
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1983 in Figure 9 and Table 6. Estimates from the two surveys were assumed to

be additive. In 1980 and 1983 when the bottom trawl and acoustic/midwater

trawl surveys sampled the same area, the bottom component averaged about 12%

of the total. Biomass in the Monterey area tends to vary more annually than

in the more northern areas as occasional strong year-classes occur. Biomass

estimates in the Columbia and Vancouver areas were more constant between

years. There has been an increasing trend with total biomass rising from 1.2

million t in 1977 to 2.1 million t in 1986. This trend should not be expected

to continue over long periods because biomass levels are subject to large

changes due to variable recruitment. The 1986 biomass estimate exceeded the

long-term average (1.55 million t) due largely to the presence of the three

large year classes previously mentioned. Because the 1980 year class will'

be a prominent component of the population for another year and the 1984

year class is not yet fully recruited to the exploited population, the outlook

is for abundance to remain at a relatively high level for the near future.

CURRENT STATUS OF THE RESOURCE

Age Composition

Figure 10 illustrates the relative age frequencies of whiting catches for

1985 and 1986 in U.S. and Canadian waters. In both years, most of the catches

were comprised of strong year classes (1977, 1980, and 1984). It is inter-

esting to note that the Canadian fishery is primarily supported by older fish,

whereas younger fish comprise a major portion of the U.S. fishery.

Year-Class Strength

Since the fishery is predominantly supported by a small number of strong

year classes, it is useful to forecast the relative strength of recruitment

based on pre-recruit abundance. Figure 11 shows histograms of three indices
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of year-class strength. The first two indices give a measure of relative

abundance of O-age whiting. They correspond to the CPUE and percent occur-

rence of O-age whiting in mid-water trawl surveys conducted by the California

Department of Fish and Game (CDFGG) off the California coast (south of Point

Conception) over the last 20 years (updated from Bailey et al. 1986). Annual

indices of juvenile abundance from surveys conducted in spring, summer,

autumn, and early winter are given. The last index is a measure of the

abundance of 3-year-olds (i.e., the age of recruitment to the fishery) obtained

from cohort analysis. Clearly, the strong year classes of 1967, 1970, 1973,

1977, and 1980 , which have historically supported the fishery, were ident-

ifiable in the O-age survey. Also, both pre-recruits and recruit indices

indicate that the 1981 to 1983 year classes were complete failures and should

not be expected to significantly contribute to the fishery:'

The O-age surveys can be used to forecast the relative strength of the

1984 to 1986 year classes for which recruitment estimates from cohort

analysis can not yet be obtained. Estimates from the O-age- surveys conducted

during those years suggested that the 1984 and 1986 year classes were above

average (Fig. 11). Catch-at-age data from the 1985 and -1986 fishing seasons

and the results of the 1986 NWAFC trawl/hydroacoustic survey show large

catches of l- and 2-year-olds respectively, which tends to support other

indications that the 1984 year-class strength is above average (Figs. 8 and

10).

Growth

Estimates of annual mean length-at-age and mean weight-at-age by sex were

calculated using 1975-86 data from the National Marine Fisheries Service

(NMFS) U.S. Foreign Fisheries Observer Program. Examination of mean annual

weight-at-age reveals sharp decreases in 1978 and 1983 (Fig. 12). The drop
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in weight-at-age observed in 1983 may reflect the influence of the El Nino

phenomenon. The graphs of mean weight-at-age and length-at-age show a general

decline in average size of fish age 8 and above between 1976 and 1986

(Figs. 12 and 13). A similar decline has been observed in the Straight of

Georgia Pacific whiting stock (Sandy Mcfarlane, Pacific Biological Station,

Nanaimo, B.C., Canada, V9R 5K6. Pers. Commun., March 1988).

Examination of annual mean length and mean weight-at-age data also

revealed extremely low values of mean weight and length for 3-year-old fish

in 1979 (Figs. 12 and 13). Comparison of the individual length frequency

distribution of 2- and 3-year-olds and their combined length frequency in

1979 with the corresponding general distributions for 1975 to 1986 showed

clear differences.' This suggested that members of the strong 1977 year-class

were incorrectly assigned to the age-3 group. Therefore, the relative

frequency of 2- and 3-year-old fish in 1979 was corrected using a method'

developed by Dan Kimura (NWAFC, 7600 Sand Point Way NE, Seattle, WA, 98115.

Pers. Commun., April 1987). First, the distribution of length -at-age for ages

2 and 3 was determined for all years except 1979 (i.e., 1976-77, 1978-86).

Then, the length-at-age distribution of 2- and 3-year-old fish combined was

divided into age 2 and age 3 classes based on the expected length-at-age

distribution for ages 2 and 3 for all other years. Using this method, 97% of

the combined 2- and 3-year-old fish in 1979 were classified as age 2. Since

there is some degree of interannual variability of length-at-age, we assumed a

slightly more conservative classification of 90% age 2 and 10% age 3.

Kimura's method was only applicable in cases of mis-ageing young age groups

where a clear distinction of length-at-age was possible. Therefore, Kimura's

method could not be used to correct the ageing errors in older fish.
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ESTIMATES OF FISHERY PRODUCTION

With inclusion of the 1986 fishery data as well as the abundance

estimates from the 1986 triennial NWAFC trawl/hydroacoustic survey, new

estimates of natural mortality (M), catchability (q), and initial population (N)

were derived.

Catch-at-Age Estimates

Estimates of catch-at-age in numbers from the 1986 fishing season were

determined by a procedure developed by Kimura (In press). Using this method,

the yield for a given substratum was distributed by age using randomly

sampled length frequencies from a given stratum applied to age-length and

weight-length keys. For this analysis the following substrata were used:

quarter, INPFC area, and fishery type (i.e., joint venture or foreign

directed).In addition, the estimated catch-at-age for 1979 was revised

because of the modification in the age composition of the catch described

above. Catch-at-age for 1973-78 and 1980-85 are from Hollowed and Francis

(1986).

Natural Mortality Estimates

Age-specific natural mortality was derived using a modified form of the

method described in Francis (1985). Total mortality (2) was estimated by

following the decay of abundance' of cohorts using data from the 1977, 1980,

1983, and 1986 triennial NWAFC surveys. Total mortality was partitioned into

natural (M) and fishing (F) mortalities by incorporation of catch information.

Following the decay of individual cohorts using the current estimates of

catch and abundance-at-age revealed instances where the number of fish in a

cohort at the end of a decay period (1977-80; 1980-83; 1983-86') exceeded the

initial number in the cohort. To investigate this problem, the decay of strong
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year classes of Pacific whiting was examined. This exercise revealed instances

when some fish were apparently mis-aged by plus or minus 1 year. To 'overcome

this ageing problem, we followed the decay of three groups of cohorts consist-

ing of fish ages 3 to 5, 6 to 8, and 9 to 11. The annual natural mortality

estimates for each age category were averaged over all three decay periods

(Table 7).

It was possible that the estimates of M for the younger' fish. (ages 3 to 5)

were underestimated and the estimates for the older age groups were over-

estimated. The estimate of M for the younger fish (ages 3 to 5) may be under-

estimated because these fish are only partially recruited to the fishery.'

Furthermore, in some years the triennial survey did not adequately sample the

southern range of the whiting population. This southern portion of the range

was typically dominated by the younger immature fish. The values of M for ages

9 to 11 were most likely overestimated because the behavior of the older fish

may make them partially unavailable to both the commercial and survey gears.

Therefore, we assumed that average estimate of M (0.2) for ages 6 to 8 (the

youngest ages fully recruited to the fishery) represented the most realistic

estimate for the entire stock. This value of natural mortality was the same as

that estimated for the Puget Sound whiting stock using Gunderson and Dygert's

(1987) relationship between relative reproductive effort and natural mortality

(Goni 1988). Ths value of M was also similar to an estimate of natural

mortality (m = 0.25) based on the Beverton and Holt (1959) relationship between

natural mortality and maximum age (20 yrs).

Population Estimates

Age-specific catchabilities (q) and 1973-86 population abundance were

estimated from the cohort analysis method developed by Francis (1983). This

cohort analysis uses the analytic formulation of Pope (1972) and Tomlinson
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(1970). The analysis was performed in such a way to fit the estimated numbers-

at-age from the cohort analysis to the numbers-at-age derived from the 1977,

1980, 1983, and 1986 NWAFC triennial trawl-hydroacoustic surveys. We assumed

that the survey estimates of abundance of whiting at, ages 6 to 8 provided the

most reliable estimates of M, within the range of ages of 3 to 11. Accordingly,

the fit of the cohort estimates was done focusing mainly on those ages, but

also minimizing the overall sum of squares across the 4 years considered in

the analysis. Catch data used to perform the cohort analysis, estimated

fishing mortality, numbers-at-age observed from the surveys, and estimated

numbers-at-age from the cohort analysis are given in Table 8.

Recruitment

Data and estimates that form the basis of a stock-environment-recruitment

relationship used in the management model are presented in Table 9. The second

column gives the year class index (BI) developed by Bailey (1981). This index

represents the mean contribution of a cohort at ages 4, 5, and 6 based on

survey and commercial catch data. The third column gives an analog of Bailey's

YCI based on estimates of numbers-at-age from the cohort analysis for the

1967-82 year classes. The YCI for the 1960-66 year classes was derived from

a linear regression of BI (based on survey data) on the YCI (based on cohort

analysis) for the 1967-75 year classes.

The fourth column of Table 9 gives estimates of recruitment at age 3.

Recruitment was estimated from the cohort analysis for the 1970-83 year

classes and predicted for the 1960-69 year classes from a linear regression

of R3 on YCI (based on the 1970-82 data).

The fifth column of Table 9 shows the estimates of female spawning

stock biomass. The spawning biomass was calculated from the cohort analysis
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for 1973-86 year classes, and derived from a reconstructed stock of 3- to 7-

year-olds for the 1967-72 year classes. The stock of fish ages 3 to 7 was

reconstructed from the initial estimates of recruitment by accruing natural

and fishing mortality via a Beverton Holt type analysis. The total spawner

biomass was estimated based on the linear regression of the total spawner

biomass on the spawner biomass of the 3- to 7-year-olds.

Maximum Sustainable Yield

Estimates of offshore whiting fishery production were made using a

modified form of the age-structured simulation model described in Francis

(1985). The model has both a deterministic and a stochastic form. Stochastic

variability is associated with variations in recruitment. The simulations

were made over a 1,000-year time period to provide a long-term evaluation of

potential yield from the whiting stock under various fishing scenarios and

management options.

Recruitment in the simulation model was assumed to be a function of

temperature at the time of spawning. Bailey (1981) showed whiting recruitment

to be inversely -correlated to wind-driven Ekman transport on the spawning

ground in early winter. He found that offshore transport was positively

correlated with ,-the level of upwelling, and negatively correlated with sea

surface temperature. Therefore, years of "cold" water temperatures on the

spawning ground were assumed to be years of low larval survival, and years of

"warm" water temperatures were assumed to be years of higher, although more

variable, larval survival (Fig. 14).

Figure 15 gives the 1930-86 time series of average January-March sea

surface temperatures in the Los Angeles Bight, the approximate center of

whiting spawning range. As described in Francis et al., (1984), temperatures

above and below 15°C were considered warm and cold temperatures, respectively.
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The temperature time series was used as a driving variable for runs of the

age-structured model. In order to make the 1,000-year runs, the temperatures

from years 1943 to 1982 were cycled through. the model 25 times. This time

period appeared to capture two cycles of warm and cold temperatures (Fig. 15).

Figure 16 shows recruitment levels corresponding to spawner biomass for

the years 1967 to 1983. No apparent relationship between recruitment and

level of spawner biomass exists in the range of the available information.

Therefore, recruitment was considered to be a function of temperature alone

and density dependent effects on recruitment were not considered.

Because density dependent recruitment has not been observed in the range

of observed spawning biomasses, a prudent management policy is to maintain

spawning biomass in this range. The above consideration about recruitment

led us to develop constant and variable effort management policies which,

with a high probability, constrained the spawning biomass to previously

observed levels. Spawner biomass was constrained as follows: spawner biomass

was allowed to drop below the lowest observed level (SB m in = 0.319 million t,

Table 9) only 10% ,of the time in a 1 ,OOO-year run of the model. We defined

the model parameter fopt as: 1) the, level of effort which maximized the

long-term catch subject to the above constraint in the constant effort scenario,
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Runs were made using both the deterministic and stochastic versions of

the model. Stochasticity was incorporated in recruitment as a log-normal

random variable with mean equal to the corresponding cold or warm year mean

recruitment and standard deviation equal to product of the mean recruitment

and the observed coefficient of variation in recruitment for the respective

temperature condition. Log normal random variates were generated using the

method decribed in Naylor et al. (1966). In the stochastic cases, the esti-

mates of long-term production represented the average of 10 1,000 -year runs,

each with different seed values for the random number generator. In the

deterministic cases, 1 run of 1,000 years was made with coefficient of vari-

ation of recruitment set equal to zero.

Table 11 gives the results from the 1 ,000-year optimal variable and

constant effort runs of both the deterministic and stochastic versions of the

model. The maximum average annual surplus production of the stock under the

variable and constant effort options was 196,000 and 185,000 t using the

deterministic version of the model, and 182,000 and 165,000 t using the

stochastic version. We believe that the stochastic version more accurately

represented the inherent variability in the recruitment of the whiting popula-

tion. The stochastic version also produced slightly lower estimates of

average yield, from substantially lower values of fopt.

PROJECTIONS OF 1988 ABC

Estimates of whiting yields were projected for the 1988-90 fishing

seasons using the deterministic version of the model. Runs of the model were

made incorporating the best estimates of stock abundance and recruitment

levels for the upcoming fishing seasons. In these runs, fishing was initiated

at the beginning of 1986. Effort was then set to remove the observed catches
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for 1986 and expected catches for 1987 (209,000 and 285,000 t, respectively).

Initial numbers-at-age in 1986 were from the result of the cohort analysis.

Projections of yield in 1988-90 were based on the assumptions that:

1) the 1984 and 1986 year classes were strong (i.e., mean warm year recruit-

ment = 0.971 billion), and 2) the 1985 and 1987 year classes were average

strength (i.e., the mean recruitment for warm years excluding the strong year

classes = 0.339 billion). The first assumption was based on the fact that the

results of the 1986 NWAFC trawl/hydroacoustic survey and the 1984-86 CDF&G

juvenile surveys indicate that the 1984 and 1986 year classes were strong.

We assumed that the 1985 year class was average strength because the 1985

CDF&G juvenile survey indicated that the 1985 year class was average. We.

assumed that the 1987 year class was average, despite the fact that temperature

conditions on the spawning grounds were warm, because two sequential strong

year classes of Pacific whiting have rarely been observed.

The results of our 1988-90 catch projections under various. policy options

are shown in Table 12. The first two projections were produced from the

application of the constant effort and variable effort policies derived using

the optimum fishing effort determined in the 1,000-year runs of the stochastic

version of the model Under both of these options there was a significant

decrease in catch over the 3-year time period. As a result we made two runs

that implemented constant effort and constant catch policies and gave the

same spawning stock protection over the 3-year period as the variable effort

algorithm (i.e., reducing the spawning stock biomass to no lower than 596,000

t by the beginning of 1991). It was interesting to note that the trade-off

in mean catch around 1988-90 was minimal when comparing the variable effort

algorithm (341,000 t/year) with the constant effort (336,000 t/year) and

constant catch (325,000 t/year) which gave the same spawning stock protection

at the beginning of 1991.
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We recommend that the ABC for the total Pacific whiting stock in 1988

should be set at 325,000 t. The results of our modeling exercise indicated

that this yield could be sustained over the next 3 years without imposing any

significant damage to the stock. The yield-at-age projected from the model for

the 1988 season can be allocated between the U.S. and Canadian fisheries based

on a smoothed estimate of the proportion-at-age of available biomass in the-

corresponding zones as determined by the 1986 NWAFC hydroacustic survey.

Using this method, the 1988 ABC for the U.S. Pacific whiting fishery would be

232,000 t. The higher than average Canadian proportion of the total yield

(29%) reflected the fact that 89% of the expected yield at age in 1988 is

comprised of older fish (age 8 and above).
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Table 1 .--Annual catches of Pacific whiting (1,000 t) in U.S. and Canadian waters by foreign, joint venture (Jv),
and domestic fleets.

U.S. Canada Combined

Year Foreign J-v Domestic Total Foreign JV Domestic Total Total CPUEZ Effort*

*Effort for 1983-86 based on the assumption of constant CPUE equal to that observed in 1982.



Table 2 .--Annual catches of Pacific whiting (1,000 t) in U.S. and Canadian waters by foreign, joint
venture (JV), and domestic fleets compared to fishery quotas and Acceptable Biological
Catch (ABC).

Year
U.S. Canada Combined

Catch Quota ABC Catch Quota ABC Catch Quota ABC
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Table 3 .--Preliminary 1987 foreign allocations of Pacific whiting by the
United States.

Joint
venture Directed

U.S.S.R. 45,000 0
People's Republic of China 5,000 7,500
People's Republic of Korea 2,500 2,500
Poland 53,750 53,750

Total 106,250 63,750
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Table 4 .--Pacific whiting biomass estimates and 95% confidence intervals by
International North Pacific Fisheries Commission (INPFC) area and
depth stratum based on bottom trawl survey data.

Depth Biomass*
(m) (t) 95% Confidence interval

*Differences in totals may exist due to rounding.



Table 5 .--Biomass estimates for the 13 Pacific whiting aggregations delineated during the 1986 acoustic/
midwater trawl survey. Subtotals by INPFC area and a total for the west coast are presented.

Biomass Standard Area Density
Aggregation (t) E r r o r  95% confidence interval (nmi2) (kg/m2) INPFC area
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Table 6 .--Pacific whiting biomass estimates based on bottom trawl and hydrocoustic
surveys in 1977, 1980, 1983, and 1986.

International North Pacific Fisheries Commission Area.

Year Monterey Eureka Columbia Vancouver Total

BT = bottom trawl; H = hydroacoustic; T = total

*U.S. portion of Vancouver area only
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Table 7. --Summary of natural mortality coefficients by cohort decay period.

3-year 3-year 3-year Annual
 Fishing mort. Total, mort. Natural Mort. Exploitation natural mort.

Ages coefficient coefficient coefficient rate coefficient
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Table 8a --Catch-at-age data for the cohort analysis and observed mean numbers at age from surveys and derived
from the cohort analysis.

Y e a r

Age 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986

TOTAL 1170380

1977 data from surveys. All other data estimated from cohort
analysis.

EST = estimated, OBS = observed.



Table 9.--Summary of estimates of year class indicesa/, recruitment at age 3 from cohort
analyses and spawner biomass for Pacific whiting.

Mean warm year recruitment.= 0.971, CV = 117.5%; Mean cold year recruitment = 0.206, CV = 76.7%;
Mean spawner biomass = 0.6373, CV = 36.7%; Minimum spawner biomass = 0.3193.

a/ Values in parentheses are estimated from linear regression.

b/ BI = Pct. contribution of 4, 5, and 6 E/ SB) = Spawner biomass ages 3 to 11
year old fish calculated from N = Numbers at age in beginning of year
commercial catch and survey data W = Average weight at age
(Bailey 1981).

c/ YCI = Year Class Index percent contri-
bution of 4, 5, and 6 year old fish
to the total population calculated
from the cohort analysis.

C = Proportion mature at age
PCTF = Female percent of at age



Table 10 .--Parameter values used in l,OOO-year simulation runs of an age structured model for Pacific whiting.

Parameter 7 %

Note:

N

R

SBopt

SBmin

RW

RC

M

number of age classes 13

number of years that recruitment
is delayed after spawning 3

optimum spawner biomass level (million t) 0.6373
set at mean observed spawner biomass

minimum spawning biomass (million mt) 0.3193

average warm year recruitment (billions) 0.971

average cold year recruitment (billions) 0.206

0.2



Table 11 .--Summary of results from l,OOO-year runs of the deterministic and stochastic versions of
the model under constant recruitment management policy.

Det = Deterministic run CPUE = Catch Per Unit Effort in tons per boat day
Stoch = Stochastic run B = Total biomass

Y = Yield SB = Spawner biomass
f = average effort Scrit = Minimum observed spawner biomass

fopt = optimum effort level



Table 12 .--Summary of the 1988-90 potential yields.

Management
Policy Year

Average Spawner
Yield Effort Biomass Biomass Percent

(1,000 t) (1,000 d), (1,000 t) (1,000 t) Exploitation



Figure 1 .--Pacific whiting distribution and abundance as measured by catch
rates during the 1986 bottom trawl survey.
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Figure 2. --Estimated Pacific whiting biomass by INPFC area and depth
stratum based on 1986 bottom trawl survey data.
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Figure 3.--Estimated Pacific whiting,population age and length compositions
by INPFC area based on 1986 bottom trawl survey data.



Figure 4. --Geographic distribution of Pacific whiting aggregations (outlined
and shaded areas), determined from the 1986 acoustic/midwater
trawl survey.



Figure 5. --Pacific whiting size compositions (sexes combined) by International
North Pacific Fisheries Center area and summarized for the entire
west coast, estimated from the 1986 acoustic/midwater trawl survey.



Figure 6. --Pacific whiting size compositions (sexes combined) for inshore
(<55 fathoms) and offshore (>55 fathoms) fish south of the
Columbia River, estimated from the 1986 acoustic/midwater trawl
survey .
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COLUMBIA

Figure 7 .--Pacific whiting biomass/age compositions by International North
Pacific-Fisheries Center area and summarized for the entire west
coast, estimated from the 1986 acoustic/midwater trawl survey.



Figure 8. --Pacific whiting population numbers-at-age compositions by Inter-
national North Pacific Fisheries Center area and summarized for
the entire west coast, estimated from the 1986 acoustic/midwater
trawl survey.



Figure 9. --Estimated total Pacific whiting biomass by year and INPFC areas
(estimates based on bottom trawl surveys in the International
North Pacific Fisheries,Center (INPFC) area in 1977 and 1986 are
for the U.S. portion only).
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Figure 11 .--Indices of Pacific whiting year-class strength from age-0 surveys
and the adult fishery.



Figure 12. --Annual mean weight-at-age for male and female Pacific whiting
1975-86 based on samples from U.S. waters only.
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Figure 13.--Annual mean length-at-age for male and female whiting 1975-
1986 based on samples from U.S. waters only.
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Figure 14. --Pacific whiting year-class index (1960-82) as related to
upwelling and temperature indices at the time of spawning
36ºN lat., January.
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Figure 15. --The 1931-85 mean January through March sea surface temperature
in Los Angeles Bight.
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